Interior permanent magnet (IPM) synchronous machine are attractive candidates for high performance applications because of their high efficiency and suitability for wide speed ranges of constant power operation [l]. In recent years, several papers have been published d m i i n g methods for the elimination of position sensors in both induction and PM synchronous machines using signal injection, saliencyhacking teclmiques. The methods suitable for zero and very low speed operation are primarily based on injecting a carrier-freq~ency signal with small amplitude using either a rotating vector in the stationary reference frame [2-3] or a pulsating vector in the estimated rotor reference frame 14-51 to track a spatial saliency. The IPM synchronous machine is well suited for these techniques because the inductance difference between the rotor d-and qaxes provides a large spatial saliency that is inherent to this type of machine. This paper describes a scheme to distinguish the polarity of the rotor magnet using either a rotating voltage vector in the stationary reference frame or a pulsating voltage vector in the estimated rotor reference fkme by modeling the saturation effect of the d-axis flux linkage in the rotor reference frame.
INIRODUCTION
Interior permanent magnet (IPM) synchronous machine are attractive candidates for high performance applications because of their high efficiency and suitability for wide speed ranges of constant power operation [l]. In recent years, several papers have been published d m i i n g methods for the elimination of position sensors in both induction and PM synchronous machines using signal injection, saliencyhacking teclmiques. The methods suitable for zero and very low speed operation are primarily based on injecting a carrier-freq~ency signal with small amplitude using either a rotating vector in the stationary reference frame [2] [3] or a pulsating vector in the estimated rotor reference frame 14-51 to track a spatial saliency. The IPM synchronous machine is well suited for these techniques because the inductance difference between the rotor d-and qaxes provides a large spatial saliency that is inherent to this type of machine.
Unforhmately, the carrier signal derived h m the stator inductance model provides ambiguous information about the polarity of the rotor magnet because the inductances in this model vary periodicdly as a P spatial h o n i c . The saturation effect of the rotor magnet flux path has been used to estimate the initial rotor position and polarity. Square This paper describes a scheme to distinguish the polarity of the rotor magnet using either a rotating voltage vector in the stationary reference frame or a pulsating voltage vector in the estimated rotor reference fkme by modeling the saturation effect of the d-axis flux linkage in the rotor reference frame.
The heterodyning process to extract the position information as well as the polarity and the Lueoberger-style observer to estimate the rotor position are also discussed n. SATURATED FLUX LINKAGE MODEL The magnetization curve of an IPM synchronous machine is shown in Fig. 1 
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For the case of an injected current, the d-axis flux linkage can be approximated with respect to the injected d-axis current bv a Tavlor series with two terms.
When a high frequency sinusoidal current is injected at standstill, the stator resistive voltage drop can be neglected.
When a high frequency voltage is injected at standstill, the d-axis current can also be approximated with respect to the daxis flux linkage by a Taylor series with two terms.
The stator resistive voltage drop can also be neglected, Where vi = V, COS a c t .
IU both cases, the sign of the 20d order coefficients in (2) and (4) can be used to distinguish the polarity of the rotor magnet at the estimated position. 
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The carrier-fkqwncy current can be seen to consist of both positive and negative componentr relative to the carrier6equency voltage excitation signal. The positive sequence component contains no spatial information, but the negative sequence component contains the desired information about the inductance saliency in its phase. It is noted lbat the amplitude of the quadratic term containing the magnet polarity infomation is very small wmpmd to the negative sequence term that contains the spatial information associated with the IPM machine saliency.
The hetemdyhg and synchronous h u e filtering process depicted in Fig. 2 expacts the negative sequence term to obtain the position error and the saturation term to distinguish the magnetic polarity. A high-pass filter in the carrier reference h e [3] is used to remove the positive s-ce term and to extract the desired position information that yields negligible distortion with the least spectral separation in the input signals. In general, the high-pass break frequency is chosen to be sufficiently low so that negligible distorlion occurs in the desired content. The position error can be obtained by using a demodulator [2] . With regards to the saturatiou term, a demodulator in the estimated rotor reference frame is used and the sign of its output depends on the tracked polarity. Fig. 3. Hctcrodyniagpmser. with a p h t i n g can be expressed as follows. The anges given by cdd value of n are angles where the error signal is z q but the observer will not be locally stable. The angles given by even values of n are angles where the error signal is zero a&d the observer is locally stable. In particular, values of n that are multiples of 4 identify the +pm, 0, xL= -AL= angles where a nolth pole is located. When the estimated rotor position is a north pole of the rotor magnec the polarity term of the position observer found in the upper block of Fig.  4 is negative, and the resulting estimated angle does not change. If the estimated angle corresponds to a south pole, the polarity term is positive, causing r rad in elecnical angle to be added to the estimated rotor position.
V. SMJLATION
The initial rotor position estimation scheme has been investigated usin computer simulation and lab experiments. Position estimation by injecting a rotating vector in the stationary reference frame at the position of f 0 . S~ rad is depicted Fig. 5 and Fig. 6 respectively. In both cases, the estimated position of the observer without the polarity of the rotor magnet is O h rad After the estimation error converges to zero, the polarity signal can be seen to be remained without changing its sip. It is ohviaus that the amplitude of the d-axis current is minimized and that of the q-axis current is maximized at these positions.
Position estimation injecting a pulsating vector in the estimated rotor reference frame at the same positions are shown in Fig. 7 and Fig. 8 respectively. The d a i s current in the stationary reference frame converges to zero which means the d-axis in the eaimated reference frame is orthogonal to that in the stationary frame. 
VI. EXPERIME"
The characteristics of the position observer were also verified by eltperiments using a DSP-based control system. The position estimation by injecting a rotating vector in the stationary reference iiame at the position of f 0 . k rad is depicted Fig. 9 and Fig. 10 respectively. The fundamental component currents are separated from the carrier signals and controlled in the estimated rotor reference frame. Therefore the o f k t seen in the simulation can be removed. The polarity signal is slightly different from that of the simulation in the initial hansient state and its abrupt change results not from its actual sign but from the input overflow of the digital The experimental results of the position estimation injecting a pulsating vector in the estimated reference frame at the same positions are shown in Fig. 11 and Fig. 12 respectively.
VII. CONCLUSION
This paper has introduced a technique using a sinusoidal voltage as is typically used as tbe carrier signal in selfsensing control implementation for estimating the rotor position of an IF' M synchronous machine that is appropriate at standstill, including magnetic polarity identification. The approach utilizes magnetic saturation that is modeled using the 2" harmonic component of the carrier frequency in order to distinguish the polarity of the rotor magnet. 
